This paper investigates the low temperature rheological properties of bitumen using a dynamic shear rheometer with 4 mm parallel plates (4-mm DSR). Different procedures of sample preparation were tested and evaluated. For comparison, low temperature measurements were also carried out using a bending beam rheometer (BBR). Test results show that the 4-mm DSR can perform rheological measurements at very low temperatures (down below À30°C). With this geometry, very little amount of bitumen sample is required. There are certain statistical correlations between complex modulus measured by 4-mm DSR and creep stiffness by BBR, and also between phase angle and m-value. With the BBR data at 60 s loading time, higher correlation coefficients were observed at lower DSR frequencies or at a frequency corresponding to the 60 s loading time. For the limiting temperatures, a statistical correlation was found in LST between the two test methods; however, there was very weak or no correlation in LmT. The presence of waxes in bitumen seems to have a negative effect on the correlations between the 4-mm DSR and BBR. This is probably due to differences in thermal histories caused by the large differences in sample size between BBR and DSR tests. In addition, DSR with 8-mm plates can be applied to certain low temperatures, depending on instrument compliance and stiffness of the binder to be tested. Ó 2016 Chinese Society of Pavement Engineering. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). Please cite this article in press as: X. Lu et al., Investigation of bitumen low temperature properties using a dynamic shear rheometer with 4 mm parallel plates, Int. J. Pavement Res. Technol. (2016), http://dx.
Introduction
In cold climate regions, thermal cracking is one of the primary distresses in asphalt pavements, thus, preventing such kind of cracking is of great importance to ensure a long pavement lifetime. Low temperature cracking is caused by thermally induced stresses when these exceed the tensile strength of the asphalt material. There are many types of factors that may affect asphalt low temperature cracking, including material-, structure-, and environmental-related factors [1] [2] [3] . Among the material factors, the properties of bituminous binders are probably the most critical [3] . Thus, in many countries, binder specifications always include tests and criteria at low temperatures. One example is the standardized test method called the Fraass breaking point [4] . The Fraass breaking point test provides a measure of the brittleness of bitumen and bituminous binders at low temperatures. Although this test has been used widely for a long time, it is empirical in nature and is often difficult to achieve a good precision. More importantly, the Fraass breaking point generally has a poor correlation with the low temperature behavior of asphalt mixtures, therefore, it is not recommended as a low temperature performance indicator for binders [5] .
Another low temperature test method, which has also been standardized and commonly used in European countries, is the one based on a bending beam rheometer (BBR) [6] . In general, there is a good correlation between binder limiting temperature (temperature at 300 MPa stiffness or at 0.3 m-value) and asphalt mixture cracking temperature [5] . However, the BBR test often underestimates the low temperature performance of polymer modified bitumen (PMB), especially when styrene-butadiene-styrene (SBS) polymers are used [5, 7] . In addition, to perform BBR tests, relatively large amounts of sample are required. This can become problematic when investigating binders recovered from a pavement, particularly when a thin asphalt layer is considered.
The third low temperature binder test method, which is currently a technical specification in European Committee for Standardization (CEN) is the fracture toughness temperature test [8] . It is determined by means of a three-point bending test on a notched binder sample. The fracture toughness temperature corresponds to the transition state of a binder from ductile to brittle [9] . Some investigations have shown that this test is promising for the low temperature characterization of bituminous binders, and for differentiating bituminous binders including PMBs [9, 10] . However, much validation work is still needed before solid conclusions can be drawn.
Low temperature measurements may also be carried out using a dynamic shear rheometer (DSR) with 8 mm parallel plates. But the 8-mm geometry cannot measure accurately at high stiffness levels or very low temperatures because of instrument compliance. To solve the problems, a new test protocol using parallel plates of 4 mm in diameter (or called 4-mm DSR) has been proposed by Western Research Institute (WRI) in the US [11, 12] . A draft AASHTO standard method for this test is also available [13] .
The main objective of this paper is to experimentally evaluate 4-mm DSR for low temperature rheological characterization. As a first stage, different unmodified bitumens are investigated. Low temperature measurements are also performed using BBR, and correlations between 4-mm DSR and BBR are examined.
Experimental

Bitumens
Eight bitumens, coded as A -H, were studied in this paper. The selected bitumens differ in their crude origin and/or penetration grade. Bitumen B and G are wax-free, while others contain different amounts of natural waxes as measured by differential scanning calorimetry (DSC). The conventional properties and wax contents of the binders are shown in Table 1 .
Specimen preparation and DSR test procedures
With 4-mm parallel plates, frequency sweeps from 0.1 to 100 rad/s were performed at different low temperatures (0 to À35°). For this new geometry, great efforts were made to find a proper way to prepare sample specimens of such a small size and to optimize testing procedures. After many trials, the following procedure was used.
First the gap of the DSR instrument was zeroed, and the upper 4 mm plate was released and equipped with a silicone mold ( Fig. 1 ). The depth of the mold was adjusted close to 2 mm. Then a small amount of sample was taken with a modified solder ( Fig. 1) and poured into the mold on the upper plate. The heating head of the solder was modified to a small spoon in order to make the bitumen flow. The temperature of the head was adjusted to 150-200°C depending on the type of bitumen sample, lower for bitumen with a high penetration, and higher for low penetration bitumen. After naturally cooling to ambient temperature, excess sample in the mold was removed with a heated spatula.
The next step was to put the 4-mm plate with the silicone mold and bitumen sample in a refrigerator at -6°C for about 15 min. Then the silicone mold was released and the plate with the bitumen specimen was placed back to the rheometer. The lower plate was then heated to 30°C and the upper plate with the bitumen specimen was brought together with the lower plate in order to get good adhesion between sample and plates. Also the gap was adjusted to 2 mm. A test was then started by cooling the sample to the test temperatures and keeping the sample at the test temperatures for about 10 min to achieve thermal equilibrium. The sample was then kept at the test temperature further 10 min before starting measurement. The normal force was set to be automatically zero to avoid any cracks or ruptures of the specimen during cooling and measurement. For each test temperature, a new specimen was prepared.
Initially, tests were conducted in constant strain mode, but in many cases the specimens broke when testing at higher frequencies. Therefore, the results presented in this paper were obtained by the stress-controlled mode. All the measurements were carried out at a stress level of 1 MPa with a rheometer Physica MCR 501 from Anton Paar.
BBR tests
The BBR tests were performed at two different low temperatures (À15 and À25°C). The standard procedure as described in EN 1477 was followed [7] . All measurements were carried out after an equilibrium period of 1 h at the test temperatures. From the stiffness and m-value at a loading time of 60 s, limiting temperatures, i.e. the temperature at 300 MPa stiffness (LST) and temperature at m-value of 0.3 (LmT), were determined.
Results and discussion
General DSR measurements
DSR frequency sweeps from 0.1 to 100 rad/s were performed using parallel plates of different diameters at temperatures ranging from À35 to 0°C for 4 mm plates, À30 to 30°C for 8 mm plates, and 10 to 100°C for 25 mm plates. The test results obtained are shown as Black curves in Fig. 2 . Generally, at very low temperatures and/ or high frequencies, a linear extrapolation of the complex modulus G * versus phase angle should approach a stiffness level of about 1 GPa as the phase angle approaches zero. These trends likely hold for 4 mm and 8 mm plates. But for 25 mm plates, a clear deviation can be seen, indicating measurement errors caused by instrument compliance of the geometry at temperatures below about 20°C.
Closer comparisons between the rheological measurements with 4 mm and 8 mm plates are shown in Fig. 3 . As indicated, the complex moduli measured by 8 mm plates are systematically lower as compared to 4 mm ones, indicating compliance effects of the larger geometry. Moreover, for the 8 mm plates, the samples had a tendency to break at temperatures below À30°C. However, no problem was found for 4 mm plates even at À35°C. Also due to the smaller area of the 4 mm geometry, a higher stress can be applied to the sample without increasing too much torque in the instrument.
Low temperature rheological tests with 4-mm DSR
The 4-mm DSR tests were performed by frequency sweeps from 0.1 to 100 rad/s at different low temperatures (À15, À25 and À35°C). It is known from the time-temper- Cooling a material has the same or similar effect as applying a shorter time period of stress (or a higher frequency), both leading to an increase in stiffness. This is however only true for thermo-rheologically simple materials, i.e. for those which do not fundamentally change their structural character within the observed temperature range. As mentioned earlier, some bitumen samples contain natural waxes and their structure may change with temperature, thus making TTSP invalid [14] . However, in the tests reported here, this should not be a problem since waxes of bitumen will crystallize very slowly at the low temperatures investigated [15] , and significant changes in wax struc-tures are not expected. Then, master curves at a reference temperature of À25°C are constructed for all the binders, as shown in Fig. 4 . A software module available in the rheometer was used to generate the master curves by horizontal shifts. From the master curves, complex moduli at 0.0167 rad/s will be compared with BBR later in Section 3.3.
It is worth mentioning that at low temperatures bitumen becomes stiff and brittle, thus breaking of specimen and/or loss of contact between the sample and DSR plate may occur. These types of failure can be seen from irregular responses either in rheological results or in instrument raw data, i.e. plots of raw value torque versus real angular movement. 
Correlation between DSR and BBR measurements
To examine the reliability of the 4-mm DSR, low temperature rheological tests were performed using BBR, and test results at a loading time of 60 s are summarized in Table 2 . In Table 2 , the limiting temperatures (LST and LmT) are also shown for all the binders. For a simple comparison, the complex moduli measured using 4-mm DSR are plotted against the creep stiffness measured by BBR. As shown in Fig. 5 and Table 3 , at the same low temperatures, correlations between the two test methods in general are not very strong, but become better when DSR data at lower frequencies are used.
It is known that inter-conversion between dynamic complex modulus (G * ) and creep stiffness (S) may be described by the following equation [16] :
A further approximation is to let S(t) % 3G * (x) by assuming bitumen samples are very elastic with low phase angles at low temperatures. As shown in Fig. 6 , the calculated stiffness moduli from the 4-mm DSR are comparable to the BBR results. Closer comparison between 4-mm DSR and BBR is also carried out by using the inter-conversion shown in Eq. (1). According to this equation, at a loading time of 60 s in BBR, the corresponding angular frequency for DSR would be 0.0167 rad/s. Complex moduli and phase angles at this frequency could be derived from the master curves in Fig. 4 (master curves for phase angles are not shown). Fig. 7 shows that there is a clear trend between 4-mm DSR and BBR, but with some deviation. This might be attributed to waxy bitumens which have different degrees of wax crystallization or physical hardening due to different thermal histories caused by large differences in specimen sizes. By removing a waxy bitumen (sample D, containing about 6% wax by DSC), the correlation was improved (R 2 increased from 0.64 to 0.77). Correlation between phase angle (d) and m-value is also examined. According to SHRP-A-369, at specific conditions, m-value may be simply estimated as d/90. This is shown in Fig. 8 . Also in this case, the correlation improves at a lower frequency for DSR.
A comparison between limiting temperatures (LST and LmT) determined from the 4-mm DSR and BBR was also performed. For the 4-mm DSR, LST and LmT are calculated at G (60 s) of 143 MPa and at mr (60 s) of À0.28, respectively, based on the criteria and procedure proposed by WRI [11, 17] . As shown in Fig. 9 , good correlations exist in LST obtained using the 4-mm DSR and BBR, but not for LmT. Also the 4-mm DSR generally shows lower limiting temperatures than BBR. In some cases, difference between the two test methods can be over 10°C, as illustrated in Fig. 10 .
Conclusions
A dynamic shear rheometer (DSR) with 4-mm plates has been used to investigate bitumen rheological properties at low temperatures. For comparison, low temperature measurements were also carried out using a bending beam rheometer (BBR). Test results show that the 4-mm DSR can perform rheological tests at very low temperatures (down below À30°C). With this geometry, very little amount of sample is required. At the same time, because of the very small sample size, a proper procedure is needed for preparing specimens, and tests need to be conducted very carefully, for example to avoid normal stresses and large deformations.
In general, certain statistical correlations exist between the complex modulus measured by 4-mm DSR and the creep stiffness by BBR and between phase angle and mvalue. With the BBR data at 60 s loading time, higher correlation coefficients were observed at lower DSR frequencies or at a frequency corresponding to the 60 s loading time of BBR. For the limiting temperatures, a statistical correlation was found in LST between the two test methods, however, there was very weak or no correlation in LmT. In addition, the 4-mm DSR generally shows lower limiting temperature values than BBR and in some cases, difference between the two test methods can be over 10°C.
The presence of waxes in bitumen seems to have a negative effect on the correlations between the 4-mm DSR and BBR. This is probably due to differences in the physical hardening of waxy bitumens when the two types of low temperature tests are performed.
In addition, DSR with 8-mm plates can be applied down to certain low temperatures. This is very much dependent on the compliance of the instrument used, as well as the stiffness of the sample to be tested. 
